Introduction Radiographic contrast media (RCM) have numerous effects on the hemostatic system, inflammatory pathways, and vascular endothelium. Given the increasing number of high-risk patients undergoing radiographic procedures, more information regarding the systemic effects of RCM is needed. Methods Blood samples prior to baseline, 4 and 24 h following elective coronary angiography in 10 patients, were subjected to matrix-assisted laser desorption/ionization time-of-flight mass spectrometry. Data are presented as the ratio of the protein mass at 4 (iTRAQ4) and 24 h (iTRAQ24) compared to baseline. A ratio >1.0 and a ratio <1.0 indicate production and consumption, respectively, relative to baseline. Results In this sample, we identified 102 proteins with a confidence interval of ≥90%. Six proteins were identified at each time point in all patients. Of the proteins identified, apolipoprotein A-I, apolipoprotein A-II, complement C3, fibrinogen beta chain, immunoglobulin α, and prothrombin revealed an iTRAQ ratio <1.0 at 4 h when compared to baseline (all with p value <0.05) and a trend toward baseline levels at 24 h. Conclusions Systemic administration of RCM results in a variety of alterations to the proteome. Of interest, there is activation of the thrombotic and inflammatory pathways as well as an interaction with lipoprotein metabolism. These changes are most pronounced at 4 h but may persist through 24 h and may be of clinical relevance in patients at risk for thromboticand inflammatory-mediated consequences of atherosclerosis.
Introduction
Use of radiographic contrast media (RCM) continues to expand in the realm of cardiovascular medicine [1, 2] . Given its essential role in diagnostic and therapeutic radiographic procedures, it is critical to add to our knowledge the effects of RCM on blood proteins and formed elements of the blood. Studies evaluating the effects of RCM on the cellular components of blood [3] [4] [5] [6] [7] [8] and vascular endothelium [9, 10] have produced inconclusive and conflicting results with, consequently, unclear clinical relevance. Despite the overall safety profile documented by large-scale studies of contrast agents [11, 12] , there continues to be controversy surrounding the proinflammatory [13] [14] [15] and pro-thrombotic potential of RCM [16] [17] [18] . The increasing number of high-risk patients undergoing diagnostic and therapeutic procedures increases the potential for higher rates of adverse effects associated with RCM. Accordingly, a broader understanding of the effects of RCM on the "proteome" is of potential clinical relevance. We conducted an exploratory feasibility study in an unselected group of patients referred for coronary angiography and, using high-throughput proteomic analysis, analyzed serum plasma prior to and following administration of RCM.
Materials and Methods

Patient Population
Patients referred for elective coronary angiography were candidates for study. Those patients meeting inclusion criteria were approached for participation, and written consent was obtained in accordance with University of New Mexico-Health Sciences Center Human Research Protections Office requirements.
A total of 10 patients provided the sample for this study. Baseline characteristics are shown in Table 1 . The intensive analytic requirements and financial cost associated with the processing of each sample are the justification for the feasibility nature of this study. In addition, the magnitude of observed changes at the designated time intervals can be used in power analysis for future study designs.
The non-ionic, iso-osmolar agent, Iodixanol-320 (Visipaque®, GE Healthcare), was used in all patients. Blood sampling occurred prior to 4 and 24 h following RCM. No complications were observed with cardiac catheterization.
In accordance with recommendations by the Human Proteome Organization Plasma Proteome Project [19] , plasma samples were analyzed preferentially over serum due to less degradation of the sample ex vivo, and larger numbers of high abundance peptides were present only in serum and not in plasma. P100 tubes from BD (Becton-Dickenson) were used to collect plasma. A sterile blood collection tube was pre-loaded with protease inhibitors, as well as a self-contained system for removing red blood cells and platelets. Samples were collected according to the manufacturer's protocol, placed in 750-μL aliquots and stored frozen at −80°C until analysis.
Sample Analysis
Sample Treatment and iTRAQ Labeling
The protein expression profiling process was performed in a series of three steps. The samples were first digested and labeled using an Applied Biosystems iTRAQ labeling protocol, then placed through a cleanup and prefractionation step, and finally placed through an mass spectrometry (MS)/MS analysis on the Applied Biosystems matrix-assisted laser desorption/ionization (MALDI) 4700. The iTRAQ kit, from Applied Biosystems, allowed multiple samples to be processed and analyzed concurrently for direct comparison of the results. Each sample was removed from the -80°C freezer and delipidated according to the chloroform method as previously reported [20] , with removal of 60% of lipids from human plasma samples. The samples were then desalted using the Zebra Desalt Spin columns from Pierce, a process which removes >95% of the salts and small molecules under 1,000 Da from the plasma sample. The samples are then frozen overnight and labeled the following day. After delipidation and desalting protein concentrations in the samples were measured by the Bradford assay (Bio-Rad Laboratories). Of each plasma sample time point, 100 μg was processed according to the iTRAQ manufacturer's instruction (Applied Biosystems). The iTRAQ labeling protocol incorporates the following: a dissolution buffer, to dissolve the proteins and buffer the subsequent reactions; a denaturant, which disrupts the hydrogen, hydrophobic and electrostatic bonds; a reducing reagent, which reduces the disulfide bonds; and a cysteine blocking reagent, which reversibly blocks all cysteine residues. The denatured proteins are then digested with trypsin and labeled with the iTRAQ mass tags. For each individual patient, plasma was collected at three different time points. The first time point was labeled with the iTRAQ tag of mass 114, the second time point with tag 115, and the third time point with tag 116. After labeling all three time points, samples are combined into a single patient sample. After the samples are labeled, they are cleaned and fractionated through a twodimensional high-performance liquid chromatography (HPLC) separation.
Cation Exchange Chromatography
The combined peptide mixture is separated by strong cation exchange (SCX) chromatography on a Shimadzu 10VP HPLC system using a PolySulfoethyl A column (4.6× 100 mm, 5 μm, 300 Å, PolyLC, Columbia, MD). The sample in the SCX exchange buffer is loaded and washed isocratically for 20 min at 0.5 ml/min to remove excess iTRAQ reagents. Peptides are eluted with a linear gradient of 0-500 mM KCl (25% v/v ACN, 10 mM KH 2 PO 4 , pH 3) over 20 min at a flow rate of 1 ml/min, with 1-ml fractions collected at room temperature. SCX fractions are dried down completely to reduce volume, then resuspended in 2% (v/v) acetonitrile, 0.1% (v/v) trifluoroacetic acid, and filtered prior to reverse phase C18 nanoflow-LC separation. The fractions are then taken and separated on a C18 column by peptide mass.
LC-MS Analysis
Peptide separation is performed on an Ultimate chromatography system (Dionex-LC Packings, Hercules, CA) equipped with a Probot MALDI spotting device. Individual SCX fractions containing 10 μg of protein material are injected and captured onto a 0.3×5-mm trap column (3-μm C 18 (Dionex-LC Packings, Hercules, CA)) and then eluted onto a 75 μm×15 cm Pepmap analytical column (5-μm C 18 (Dionex-LC Packings)) using a binary gradient (200 nl/ min) from 5% to 45% buffer B with mobile phase A 2% ACN, 0.1% TFA, and mobile phase B 85% ACN, 5% isopropanol, 0.1% TFA). For MALDI MS/MS analysis, column effluent is mixed in a 1:2 ratio with MALDI matrix (7 mg/ml cyano-4-hydroxycinnamic acid) through a 25-nl mixing tee (Upchurch Scientific, Oak Harbor, WA) and spotted in 192 spot arrays. Finally, the MALDI plates are placed in the Applied Biosystems 4700 MALDI-time-offlight (TOF) and are analyzed in MS/MS mode.
Surface Enhanced Laser Desorption/Ionization-TOF MS Profiles
Samples were initially screened using Ciphergen's surface enhanced laser desorption/ionization (SELDI) MS technology. Protein profiles were obtained using a PBSIIc ProteinChip reader (Ciphergen). Before analysis, the instrument was externally calibrated using all-in-one peptide standard (Ciphergen) using a linear calibration equation. High mass was set to 15,000 Da, optimizing between 1,000 and 10,000 Da. Detector sensitivity was set to 9, laser intensity to 180, and mass deflector to 3,000 Da. Two warming shots fired at each new position at laser intensity 210 were not included in the profile. The source voltage and detector voltage was at 20,000 and 3,000 V, respec-(Q9Y6D6) Brefeldin A-inhibited guanine nucleotide-exchange protein 1 (brefeldin A-inhibited GEP 1; p200 ARF-GEP1; p200 ARF guanine nucleotide exchange factor) (Q9Y6K8) Adenylate kinase isoenzyme 5 (ATP-AMP transphosphorylase) (Q9Y6N9) Harmonin (Usher syndrome 1C protein; Autoimmune enteropathy-related antigen AIE-75; Antigen NY-CO-38/NY-CO-37; PDZ-73 protein) (Q9Y6X9) Zinc finger CW-type coiled-coil domain protein 1 tively. The samples were run in triplicate using the CM10 (Ciphergen, Fremont, CA) weak cation exchange protein chip according to the manufacturer's protocol, as shown in Fig. 1 .
Tandem Mass Spectrometry
All MS and MS/MS spectra are acquired on an Applied Biosystems 4700 Proteomics Analyzer (TOF/TOF; Applied Biosystems/MDX Sciex, Foster City, CA) in positive ion reflection mode. MS survey scans are acquired for each sample across the entire plate from m/z ranges 500-4,000. All peaks above an S/N of 60 are selected for MS/MS analysis.
Protein Identification and Analysis
Both MS and MS/MS spectra are processed in GPS ExplorerTM software (v3.5, Applied Biosystems). For MS spectra, an S/N threshold of 30 was used; for MS/MS spectra, a threshold of 20 was used to detect peaks. Monoisotopic peak lists were generated in GPS Explorer and submitted to the Mascot search tool for protein identities. For all searches, ion mass tolerance was 100 ppm, and fragment ion mass tolerance was 0.6 Da. Protein identification was considered significant with a Mascot score corresponding to p<0.05. The GPS software prepares a list of identified peptides with reporter ion peak average ratios and standard deviations. A statistical calculation of how closely the acquired data matches previous database searches under differing conditions. This calculation uses normal probability distribution mathematics, also used by the Mascot search engine for scoring. Because different database searches have different Mascot significance levels, protein scores and ion scores from different searches cannot be directly compared. Different Mascot significance levels are obtained if databases of different sizes are searched or if Fig. 2 Mass spectra of the proteins identified in this patient population. The outset spectra show the plasma sample averaged for all time-points. The inset spectra show the individual time-points different numbers of masses are submitted for a database search. Therefore, the confidence interval (CI) is calculated from the Mascot protein score or ion score, but the significance level is removed from the calculation to allow comparison between results from different database searches. In our case, ion score was used to show significance. CI rates the confidence level of the protein score or ion score. If the score returned from the search is equal to the Mascot significance level for the search, the score is given a 95% confidence interval. Scores that are higher or lower than the Mascot significance level for the search are given higher or lower confidence intervals, respectively. The closer the CI% is to 100%, the more likely the protein is correctly identified. Of note, if the calculated CI>100, then 100 is reported, and if <0, then 0 is reported. A semi-quantitative protein analysis on proteins of interest was performed using their relative iTRAQ ratios. The protein iTRAQ ratios were compared using their relative baseline, 4-and 24-h levels using a one sample t test. A one sample t test was used for comparison due to sole interest in deviation (either increase or decrease) from its baseline level.
Results
A total of 102 proteins were identified (CI≥90%), based on ion score, as shown in Table 2 . Of the proteins with a CI ≥90% (n=102), 42 total proteins were identified in ≥2 patients, and 16 proteins (with a ≥90% CI) were identified in the majority of patients (Table 3) . Of these 16 proteins, six proteins were present in all patients: serum albumin, alpha-2-macroglobulin, apolipoprotein A-I, complement C3, hemopexin, and serotransferrin. Representative spectra for these common proteins are depicted in Fig. 2 . Due to the known significant abundance of serum albumin, its parent protein was not further analyzed.
iTRAQ studies yield a differential comparison of protein expression with reference to a control state. In these studies, each patient's baseline sample served as their control state. Although absolute amounts of proteins may vary between individuals, it is the relative change that was assessed. Individual quantification of a peptide is based on the ratios of the iTRAQ signature ions (as shown in Fig. 2) . The protein iTRAQ ratios are determined by averaging all of the ratios for all of the peptides found for each protein. Levels of nearly all proteins identified were found to decrease (iTRAQ<1) at 4 h compared to baseline with a return to baseline or near baseline at 24 h (iTRAQ≥1). Of interest, a near consistent consumptive process was noted in identified proteins recognized in the immune, thrombotic, hematological, and lipoprotein physiologic processes at 4 h following administration of RCM that trended toward baseline values at 24 h, as shown in Table 4 .
Discussion
High-throughput proteomic analysis of patients undergoing elective coronary angiography identified 102 distinct proteins in this sample of 10 patients. These proteins were reliably identified with ≥90% CI. At this level of confidence, 42 proteins were noted to be common among patients and involved in various crucial physiologic processes. Sixteen proteins were identified in the majority of patients. Six proteins were present in all patients and included serum albumin, apolipoprotein A-I, hemopexin, serotransferrin, alpha-2-macroglobulin, and complement C3. Interestingly, when analyzing the proteins pertaining to the immune, thrombotic, hematological, and lipoprotein physiologic processes, iTRAQ ratios revealed a consumptive process during the 4-h sampling that tended to return to baseline by 24 h. Overall, these observations suggest that administration of RCM results in significant changes in the proteome and that there is activation of hematologic, inflammatory, pro-thrombotic, and lipid transport processes.
Prior studies on patients with chronic coronary artery disease have shown that RCM can act as a potent inducer of Alpha-2-MG alpha-2-macroglobulin, Comp C3 complement C3, Apo-AI apolipoprotein A-I, Apo-AII apolipoprotein A-II, Comp C4 complement C4, Ig alpha immunoglobulin alpha-2 chain C region, P value 4 h p value comparing baseline to 4-h iTRAQ ratios, P value 24 h p value comparing baseline to 24-h iTRAQ ratios, iTRAQ4h and iTRAQ24h rate of protein species at 4 and 24 h, respectively, compared to baseline the inflammatory pathway with increases in C-reactive protein, interleukin-6, tumor necrosis factor-alpha, and complement components [12, 13] . Some studies by others have attributed pro-thrombotic potential to RCM [16] , an observation thought to be more related to ionic properties of RCM [9] . In vitro studies have also revealed RCM to be an inducer of platelet degranulation, which has been implicated as a contributor to the thrombotic potential of RCM [3] , a finding that has been refuted by in vivo analysis [5] . Additive evidence also exists for an injurious effect on vascular endothelium with administration of RCM [21] . The value of the approach utilized herein is the demonstration that multiple pathways and protein responses can be studied in each patient and that, using each patient as their own control, dynamic changes over time can be studied. The demonstration of simultaneous activation of inflammatory and thrombotic pathways consequent to RCM administration provides incentive for further study in patients at risk of thrombotic events. Furthermore, this approach allows for comparative analysis among the different types of RCM.
In summary, the complex and dynamic changes in the human proteome consequent to RCM administration provide further insight into mechanisms of potential RCMassociated adverse clinical effects. The observations, herein, of alterations in inflammatory-, thrombotic-, and lipoprotein-related processes require further study in large populations to better define the clinical relevance of these observations.
